This reaction is coupled to charge separation and charge translocation across the membrane, both in mitochondria and prokaryotes, and in this way contributes to the establishment and maintenance of a transmembrane difference of electrochemical potential. The energy conservation promoted by this process is essential for ATP synthesis, motility and nutrient incorporation by the cell.
The terminal enzyme of the electron transfer system, cytochrome c oxidase (CcO), reduces an oxygen molecule to two water molecules. The trigger of this reaction is the binding of an oxygen molecule to the binuclear center (BNC), which is composed of the Cu B site and heme a 3 . Experimentally, to obtain the crystal structure of the complex with an oxygen molecule is currently difficult, and so the crystal structures of the complexes with CO, NO, and CN ligands were recently determined by Muramoto, K., et al. In this study, we performed ab initio quantum mechanics calculations (also see Ref. [1] ) and hybrid ab initio quantum mechanics/molecular mechanics (QM/MM) calculations (our hybrid calculation system was built on a highly-parallel supercomputer [2] [3] [4] ) to systematically investigate the potential fields of the BNC and the ligands, employing those crystal structures.
For CO ligand that is bound to the Cu B site, we calculated the potential energy values of various positions of the ligand (~500 points), and thereby explored the stable configurations. The obtained potential field revealed the two major configurations, for which the energy values are close to each other. To validate the results, we calculated the IR spectrums using the two stable CO configurations, and found that the peaks are well consistent with the experimental data. Thus, we concluded that at least, the two stable binding modes of CO ligand and the Cu B site are possible.
Note here that these proposed configurations are different from the CO-binding mode that was found in the crystal structure; i.e., the formers are end-on, and the latter is side-on. In fact, the latter configuration has not been found to date except for a case, where an amino acid residue induces the side-on mode of CO ligand. None of amino acid residues that can induce the side-on configuration of CO ligand is found in the vicinity of the BNC of bovine CcO. In this manner, the CObinding mode that was seen in the crystal structure may be an artifact. In the session, we also discuss the other ligands and the roles of the Cu B site in the reaction.
Recent X-ray structural analyses show that net positive charges on a heme iron site (heme a) of bovine cytochrome c oxidase, created upon electron donation to the O 2 -reduction site, electrostatically drives proton-pump through a hydrogen-bond network to the positive side of mitochondrial inner membrane [1, 2] . The four electron equivalents for complete reduction of O 2 at the fully reduced O 2 -reduction site are transferred one at a time, each, coupled with pumping of one proton equivalent, giving four intermediate species, F, O, E and R (from P). Xray structures of P, F, O and R suggested that the water channel which connects the negative side space with the hydrogen bond network is kept closed by Ser382 bulge of the trans-membrane helix (after O 2 -binding to the fully reduced O 2 -reduction site) during the transfer of four electron equivalents for complete reduction of the bound O 2 . The closure blocks effectively proton back-leakage from the hydrogenbond network.
The structural basis for complete (four equivalents) protonation of the hydrogen-bond network before the O 2 -binding prerequisite for the efficient energy transduction was explored using a newly developed nanosecond time-resolved infrared apparatus for aqueous protein system. A transient CO-binding to Cu B , after Fe a3 -CO photolysis, was discovered to open the water-channel by eliminating the Ser382 bulge. The infrared and X-ray structural results suggest that, sensing protonation state of the hydrogen-bond network, a relay system including Cu B , O 2 , Fe a3 and two a-helix turns extending to Ser382 facilitates effective proton collection and timely water-channel closure by conformational changes in the Ser382-containing segment, thereby ensuring efficient energy transduction.
